This paper examines various aspects of the design process and subsequent field test measurements of a large and complex substation grounding system. The study and measurements show that soil layering and lead interference can have a significant impact on the appropriate test location that yields the exact substation ground impedance. Applying a specific percentage rule such as the 61.8% rule for uniform soils to obtain the true ground impedance may lead to unacceptable errors for large grounding systems. This poses significant problems when attempting to validate a design based on raw test data that are interpreted using approximate methods to evaluate substation ground impedance, and determine ground potential rise (GPR), touch and step voltages. Advanced measurement methodologies and modern software packages were used to obtain and effectively analyze fall of potential test data, compute fault current distribution, and evaluate touch and step voltages for this large substation. Fault current distribution between the grounding system and other metallic paths were computed to determine the portion of fault current discharged in the grounding system. The performance of the grounding system, including its GPR and touch and step voltages, has been accurately computed and measured, taking into account the impedance of the steel material used of the ground conductors and circulating currents within the substation grounding system.
Introduction
Appropriate power system grounding is important for maintaining reliable operation of electric power systems, protecting equipment, and insuring the safety of public and personnel. A grounding system must be properly designed and its performance needs to be evaluated. Improper or inaccurate analysis can lead to significant expenses due directly to unnecessary over design or as a result of subsequent corrective measures caused by failures of the inadequate design. Most electrical engineers understand the importance of grounding system to discharge safely phase-to-ground faults into the surrounding soil.
Unfortunately, the complex and non-homogeneous nature of the soil, the intricate three-dimensional shape of the grounding system and topology of the entire power system network result in a very difficult task that requires appropriate specialized software packages and skilled professionals with adequate expertise in this field in order to account for the numerous factors that have to be considered during the design process and subsequent field measurement validation task.
It is often necessary to measure the ground impedance of a grounding system in order to validate a grounding analysis. The basic technique which is almost universally used for the measurement of grounding system impedance is known as the Fall-of-Potential method. The Fall-of-Potential method introduces two auxiliary electrodes, called return electrode and potential probe. When the return electrode is placed at a finite distance from the grounding system and the potential probe is driven into the earth at a specific location(the so-called "exact potential probe location") then an accurate measurement of the ground impedance is obtained.
For uniform soils and large distances between the grounding system and the return electrode, it is well known that the exact potential probe location follows the 61.8% rule, i.e., the exact location for the potential probe is r = 0.618D, where r and D are the distances from the center of the grounding system to the potential probe and to the current electrode, respectively. It is important to understand that the 61.8% rule is based on the assumption that the soil is uniform and that the grounding electrode is small or hemispherical and that the potential probe and current electrode are also hemispherical or small.
For two-layer soils, a classical paper [3] has shown that the exact locations can vary from values close to 50% to values exceeding 90% depending on the nature of the two-layer soil structure and thickness of the top layer. This finding was included in Guide IEEE 81 -1983 [15] and was mysteriously removed in the 2001 edition before being reintroduced in the 2013 edition! In other words, the exact location of the potential probe is well defined for some ideal cases, such as hemispherical or small grounding electrodes buried in uniform or layered soils [1] [2] [3] [4] [5] [6] but must be evaluated adequately when the separation distances are not large enough. In such cases, a value read at 61.8% may lead to significant errors on the measured ground impedance. The exact potential probe position must therefore be determined each time, using appropriate computer simulations.
Many grounding systems in China and several other countries are made of steel, which has higher permeability and lower conductivity than copper [7] [8] [9] [10] [11] . This raises some unique issues, particularly if the substation size is large and the soil resistivity is low. In a conventional grounding analysis approach, a grounding system is generally assumed as an equipotent structure. This would be inaccurate for most cases where steel grounding systems are used. In fact, the ground impedance of the grounding system has a significant inductive component, which is not taken into account by classical grounding analysis methods.
The analysis of the grounding system of an existing 500 kV large substation is summarized in this paper. The substation includes 500 kV, 220 kV and 35 kV switchyards. Two500 kV and seven 220 kV transmission lines enter the substation. To evaluate the grounding performance of the large system ground network, the following steps were carried out: 1) Soil resistivity and grid impedance measurements and interpretation; 2) Fault current split calculations; 3) Grounding system performance analysis.
This paper is not intended to report detailed grounding design issues and results but rather to highlight the various challenges encountered and their ramifications, if these challenges are ignored or if simplifying assumptions are made in place of a detailed grounding analysis. The results presented in this paper provide useful insight and information for accurately measuring the ground impedance of large grounding systems, for interpreting the measurements and for evaluating safety in the station. The analysis and the discussions can be used as a reference guide to study large grounding systems.
Resistivity Measurements and Interpretation
Soil resistivity measurements were made along two traverses at the substation site, using the Wenner four-pin method. Measurements along the short traverse inside the substation were carried out in order to obtain shallow depth resistivities at the project site. Measurements along one long traverse outside the substation were carried out in order to obtain soil resistivities at larger depths. The measured soil resistivity data were interpreted using the RESAP computation module of the CDEGS software package [12] . Based on the principle that short traverse measurements determine shallow depth soil resistivity and large spacing measurements determine deep soil resistivity, a three-layer soil model was constructed, which is representative of the soil structures at the site and is expected to be conservative for the grounding analysis. The selected soil model is shown in Table 1 .
Grounding Impedance Measurement and Interpretation
To evaluate the performance of a substation grounding system, the ground impedance of the grounding system must be obtained either by measurement or by computation with appropriate soil resistivity measurements. Incorrect ground impedance will lead to incorrect fault current computation, therefore affecting the results of the analysis. Ideally, the ground impedance should be computed and then validated by measurement. For this practical case study, due to the dense transmission line area and the expected low impedance measurement, a high current test unit was used. According to IEEE 81.2, it is recommended that the current probe has a minimum length of 6.5 times the diagonal of the substation. The substation is surrounded by difficult terrains. Fortunately, a small road was available along the west side of the substation. Therefore, the fall of potential test that followed this road was used to perform the measurements. Figures 5 and 6 illustrate the test setup which was carried out for multiple frequencies of 47, 46, 53 and 54 Hz for each test point. The fall of potential test results are summarized in Figure 7 (red dots).
The next stage of the analysis was to model the fall of potential test, using the soil model developed from measured soil resistivity data (shown in Table 1 ). The first challenge was to determine how much of the overall transmission line grounding network is really influencing the GPR of the substation. After building an accurate model of 5-10 km shield wires, including all tower footing structures and substation grounding grids corresponding to the real network in the area, the fall of potential results were computed. A sketch of the model is shown in Figure 5 . In this model, no current or potential leads were modeled. The MALZ computation module of CDGES was used. This module takes into account the voltage drops along a grounding system and is therefore capable of modeling large grounding systems with steel conductors. It means that the developed model accounts correctly for the conductive coupling, but does not account for inductive effects between the measuring leads and other paralleling conductors.
The results of this fall of potential simulation are shown in Figure 7 (green curve). As it can be seen, a significant discrepancy exists between the measured curve and the computed curve. The first common sense reaction may be to conclude that the soil model was incorrect. However, after modeling the test leads (Figures 5 and 6 ) and using the HIFREQ computation module of CDEGS which accounts for all relevant electromagnetic effects, i.e., for conductive, inductive as well as capacitive coupling effects, one can notice that the resulting theoretical fall of potential test results, compared with the measured results (shown in Figure 7 as a blue curve and red dots), agree with each other very well. Conductive coupling arises as a result of the proximity of current circuit return ground grids and nearby buried structures, such as tower footing, connected to the ground grid. Inductive coupling is a result of the test leads being mutually coupled with buried structures that are connected to the substation ground grid. Capacitive coupling is due to the capacitance between buried and above ground conductors). The computed true grounding impedance at 50 Hz is 0.3066∠13.55 0 Ω for the complete network and0.6349∠ 1.21 0 Ω for the substation grid alone. It is clear that the exact potential probe location for the entire network impedance, energized at 50 Hz case, is at 33% of the distance between the injection point and the return electrode, which is far from the suggested rule of 61.8%. A value of 0.51Ω is obtained for the ground impedance of the entire system if the 61.8% reading is used, an error ofabout 66%. This is because a) the return electrode is not located far enough from the grounding grid, compared to the measured grounding system dimension (i.e., the complete network); b) the soil model is non-uniform; c) the test leads were close and parallel to each other (~4m).
The above analysis has shown how to use a judicious operating frequency to measure the grounding impedance of a substation grid that is connected to other grounding electrodes through shield wires and interpret the data correctly. This is an important issue when dealing with large substation grounding systems.
Fault Current Split Calculations
The objective of the fault current split calculations is to obtain the earth current (current discharged by the grounding system to earth). Under most conditions, the total fault current doesn't discharge entirely in the substation grounding system. Part of the fault current, which does not contribute to the GPR of the grid, will return to remote source terminals and to transformer neutrals through shield wires, neutral wires or conductors of the grid.
It is well known that the GPR and the touch and step voltages associated with the grounding network are directly proportional to the magnitude of the fault current component discharged directly into the soil by the grounding network. It is therefore important to determine how much of the fault current returns to remote sources via overhead ground wires and neutral wires of the transmission lines and distribution lines connected to the substation.
Computer simulations have been performed using the Right-Of-Way software package described in [12] based on the circuit model shown in Figure 3 and on the computed ground impedance of the substation in the soil shown in Table 1 . A circuit model representing the scenario of a 220 kV single-line-to-ground fault at the power plant is shown in Figure 3. Figure 3 also shows the fault current contributions from all sources; Figure 8 shows the distribution of the fault current along the transmission line overhead ground wires for a 220 kV single-phaseto-ground fault. Table 2 shows the results of fault current distribution calculation. Note that the local source contribution from the 500 kV /220 kV step-up transformers in the substation is estimated to be about 8 kA, as shown in Table 2 . This current was not modeled in the circuit current split calculations because it circulates [13] between the fault location and the step-up transformers via neutral and ground conductors. However, this circulating current was included in the grounding system model as it should. 
Grounding System Performance Analysis
GPR, touch and step voltages are important quantities when a substation is assessed. The calculation of GPR, touch and step voltages was carried out using the MALZ computation module [12] , which takes into account attenuation or voltage drop along conductors in a grounding system, avoiding therefore the incorrect assumption that a grounding grid is equipotential.
In this study case, we have a 500 kV substation at different voltage levels, i.e., 500 kV, 220 kV and 35 kV, fed by several power source terminals at 500 kV and 220 kV. When a single-phase-to-ground fault occurs on a 220 kV bus, the 500 kV side will supply fault currents through the 500 kV transformers; part of the fault current will return to the transformer neutral through the grid conductors (circulating current between the fault location and the transformer neutral point).
Similarly, the fault current is injected at the fault location and a portion of it returns to the remote source through the shield wire connected to the grid (circulating between the fault location and the shield wire connecting point). Because of the low impedance path provided by the ground conductors, only a negligible small amount of this current leaks out from the ground conductors to earth. As a result, circulating currents do not affect significantly the average grid GPR but may distort its shape significantly. However, for a large substation, the distance between the fault location and the transformer neutral point or the shield wire connecting connection point can be quite large. As a result, high potential differences, due to this large circulating current, may exist within the grounding grid. In other words, the circulating current contributes to the ground potential differences (GPD) between various locations of the grid and results in higher touch and step voltages, especially for a large grounding system and low soil resistivity soil environments.
Obviously, ignoring transformer and shield or neutral wirescirculating currents in a grounding system study can lead to inaccurate designs leading to unsafe situations.
A computer model was built for the grounding system. Figure 9 shows the model considering all current sources, including circulating currents.
The maximum acceptable touch and step voltages are indicated in Table 3 0.12 sec All accessible areas inside and outside the substation, for all possible soil surface covering materials: native soil, crushed rock or asphalt (even very low resistivity materials), had acceptable touch and step voltages under all fault scenarios, i.e., 500 kV or 220 kV faults, assuming computed and measured tower resistances, and at different fault locations. Figure 10 shows typical ground potential rises (GPRs) along the grid conductors for a 220 kV fault. Figure 11 and Figure 12 show typical touch and step voltages inside and outside the substation, respectively. Figure 13 provides example of soil potentials.
Conclusions
The performance of a large substation grounding system has been analyzed using modern techniques. A nonuniform soil model has been derived based on soil resistivity measurements, and it has been applied throughout the study.
The paper shows that by following the IEEE 81.2 recommended methodologies for fall of potential testing, significant errors are introduced for a large grounding system connected to an extended network, due to conductive and inductive effects. It was shown that matching the fall of potential test data with a detailed computer model using an appropriate software package can significantly change the computed ground potential rise, touch and step voltages in a substation. Step voltages inside and outside the substation. A complete circuit model of the overhead transmission line network has been built in order to determine the current distribution during a single-phase-to-ground fault. Therefore, current injected into the soil through the grid (which contributes to the GPR, touch and step voltages) was obtained. Due to the large size of the grounding system and to the fact that the grid is made of steel ground conductors, the conventional approach used in grounding analysis (equipotential grounding system) can lead to wrong results. Therefore, adequate methods taking into account voltage drops along the grid conductors and circulating currents within the substation must and have been used to compute the grid GPR, touch and step voltages.
The procedures presented in this paper can be used as a guide when carrying out grounding analysis of a large power substation.
